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TR an e

/ SUMMARY

To determine the association of lysosomal enzyme release and the severity
of shock in the human system in states of circulatory shock, studies were
carried out on (1) the release of lysosomal enzymes in several forms of clini-
cal trauma and (2) the role of administration of agents that may modify the
release of lysosomal enzymes. The appearance of cathepsin D in the circula-
tion of experimental animals subjected to hemorrhagic shock is predictable and
reflects the duration and severity of shock. Increases in plasma cathepsin D
activity occur early in the course of experimental hemorrhagic shock, suggest-
ing that disruption of normal lysosomal membrane function is an early event
in the progression of circulatory shock. The results, however, do not show
any adverse effects from the introduction of exogenous cathepsin D into the
systemic circulation during hemorrhagic shock and cathepsin D would appear
to be inactivated at pH of blood normally found in shock.
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I. INTRODUCTION

The basic cellular changes which occur in response
to circulatory shock, and the significance of these changes
in terms of pathophysiology, are at present poorly understood.
However, one of the effects okserved to follow the onset of
circulatory shock is the presence of both morphologic and
enzymatic alterations in lysosomes, resulting in the release
of hydrolytic lysosomal enzymes. Much speculation has been
raised concerning the possible role these hydrolytic enzymes
might play in the pathophysiology of this complex syndrome
and experimental evidence is now available which suggests that
these enzymes cause significant damaging effects following
their release from lysosomes, 'Their liberation may therefore
constitute a critical event in the shock syndrome, serving as
a factor in the lethal outcome of shock.

Cathepsin D, a potent lysosomal acid protease, has
been widely implicated as a mediator of injurious effects in
circulatory shock. However, adequate direct experimental evi-
dence for deleterious effects of this enzyme is lacking. The
present study is an attempt to define adequately the actions
of cathepsin D following its introduction into the circulation

during hemorrhagic shock,
The Lysosome: Definition and Normal Functions

Lysosomes, first described by de Duve et al in

1

1955, are a class of subcellular organelles.which contain a

variety of hydrolytic enzymes. These organelles normally




function as the cytoplasmic vacuolar digestive system and
their associated enzymes provide for degradation of substances
during the processes of autophagy and heterophagy.2'3 Under
physiologic conditions, lysosomal enzymatic action is con-
trolled by a single limiting lipoprotein membrane. This mem-
brane functionally isolates lysosomal enzymes from their
surrounding cytoplasm and equips the organelle with a struc-
ture-linked latency which prevents autolysi’s.3’4

The normal intracellular functions of lysosomes are de-
picted in figure 1. The various lysosomal hydrolases are
produced in the rough endoplasmic reticulum3 and are then
transported to the golgi apparatus where they are enclosed
by a single membrane.® Those lysosomes which.have been newly
formed in the golgi complex and have not participated in
intracellular digestion are termed storage granules or pri-
mary lysosomes., During autophagy and heterophagy the primary .
lysosome fuses with substrate containing organelles to form
an enzyme-substrate system which is responsible for intra-
cellular digestion.7

Autophagy is the mechanism by which cells rid themselves
of damaged organelles and metabolic wastes. 1In this process
cytoplasmic constituents are sequestered into membrane gran-

ules, termed aﬁtophagic vacuoles or autophagosomes.2

The
autophagic vacuole may fuse with a primary lysosome to form
a digestive vacuole or secondary lysosome which contains both
substrates and hydrolytic enzymes, Following fusion, exten-

sive hydrolytic enzymatic digestion occurs. Those breakdown
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products which are small enough to pass through the lysosomal

membrane diffuse into the cytoplasm where they may be utilized
for various metabolic and biosynthetic processes.®

Ssecondary lysosomes are capable of successive acts
of fusion and digestion; after each digestive process, pro-
ducts are liberated into the cytoplasm. However, there is an
additional intralysosomal accumulation of indigestible resi-
dues and a point is finally reached at which the secondary
lysosome is so filled with residual matter that it is no
longer able to accumulate material for digestion. This stage
is referred to as the residual body or telolysosomé.3 A
concomitant decrease in enzymatic activity has been shown to
occur along with the progressive accumulation of indigestible
residues during the formation of the residual body. When no
further enzymatic activity is demonstrable, the organelle is
then referred to as a postlysqsome. The residual body may
remain within the cytoplasm as a nonfunctionai postlysosome
or extrude its contents from the cell by the process of
exocytosis.3

Heterophagy is the method by which cells ingest and
utilize exogenous substrates. Substrates enter the cell by
the processes of phagocytosis, pinocytosis and micropinocy-
tosis, collectively termed endocytosis. Dpuring endocytosis,
foreign materials are engulfed by the plasma membrane through
invagination and subsequent vesiclization.3 The resultant
substrate vacuole is variously referred to as a prelysosome,

phagosome, or heterophagosome.3'7 The heterophagosome fﬁses
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wvith a primary or secondary lysosome to form a digestive
vacuole in which the ingested substrate is subjected to the
action of lysosomal enzymes.3 The digestive and egestive
processes then proceed in a fashion similar to that in auto-

phagy.

Lysosomal Enzymes

Lysosomes are endowed with a wide variety of hydro-
lytic enzymes which suitably equip them for their functions
in the digestion of intracellular and extracellular substrates.
Barrett8 has reviewed over fifty enzymes which are thought to
be involved with lysosomal activity. These include various
carboxyl ester and thiolester hydrolases, phosphatases, sul-
phuric esterases, glycosidases and proteases.. Some of these
enzymes are limited entirely to lysosomes, but many are also
found in other intracellular organelles or have uncertain
intracellular distributions. Nearly all have been found to
have acid pH optima, although there are a few exceptions to
this general rule, The activators of angiotensinogen,
plasminogen and kininogen are active at neutral pH or above,
and naphthylamidase, aspartylglucosylaminase, and dipeptidase
have alkaline pH optima. |

Although lysosomal enzymes are a functionally he-
terogenous group, features other than pH optima suggest
homologies, Barrett® has hypothesized that these similarities
may reflect evolutionary adaptations necessary for enzymatic
activity in the specialized digestive vacuolar system, The

lysosomal enzymes all have been found to be highly resistant
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to autolysis,? a characteristic which is clearly of adaptative
value, Furthermore, there do appear to be some structural
similarities between those enzymes which have been purified
sufficiently for meaningful analysis. The major similarity
is the presence of carbohydrate. Thus, acid phosphatase,
beta~-glucuronidase, deoxyribonuclease I1I, hyaluronidase,
beta-acetylglucosaminidase, cathepsin ¢ and cathepsin D have
all been found to be glycoproteins.8

Cathepsin D is the major lysosomal acid hydrolytic
proteinase of many animal tissues and it has been shown to
have a distinctly lysosomal d stribution.l9s11 qhe molecular
weight of the enzyme from various tissue sources has been |
estimated from 35,000 - 60,00612'13 and amiﬂo acid analysis
has demonstrated glycine to be its most abundant residue,l4
The active catalytic center of cathepsin D is thought to con-
sist of two carboxyl groups, one of which is ionized. Barrett
presumes these to be carboxyl groups of glutamic and aspartic
acid.8 The enzyme is known to act on several natural and
synthetic substrates, including hemoglobin, globin, serum
albumin, thyroglobulin, myosin, oxidized bovine pancreatic
ribonuclease A, gelatin, casein, insulin and chondromuco-

protein.8

The enzyme acts by catalyzing the introduction of
water at specific peptide bonds of its protein substrates,
It is primarily an endopeptidase and as such acts on the in-

terior peptide bonds of proteins,15

Cathepsin D demonstrates a characteristic acid pH

optimum and its greatest activity has been shown to be against
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hemoglobin at pH 3.0 - 3,5, The enzyme is irreversibly
inactivated at pH 2.0 and demonstrates gradually decreasing
activity against hemoglobin at pH values grggtet than 3.5,
At pH 7.0, the enzyme is relatively inactive against hemo-
globin,16s17 yith other proteins such as serum albumin and
chondromucoprotein, optimum activity has been found to be at
pH 4.0 - 5.0,8

Multiple isoenzymes of cathepsin D have now been
reported in various tissues., Press et a1l7 gemonstrated ten
different forms of the enzyme from tovine spleen which dif-
fered in charge at pH 5.5 and 8.4. wWoessnerl8 demonstrated
four different isoenzymes from bovine uterus, and Barrettl®
resolved three major forms each from the livér of chicken
and man. The various isoenzymes have all been found to have

identical substrate specificities and pH dependence curves.

The Lysosomal Theory of shock

It is apparent that the ability of lysosomal en-
zymes to perform physiologic functions is dependent on the
structural integrity of lysosomal membranes., Any mechanism
which sufficiently alters membrane structure would result in
lysosomal enzyme release, Once freed into the cytoplasm or
intercellular space, these hydrolytic enzymes might initiate
deleterious changes. The ability of lysosomal enzymes to
produce pathologic alterations in a“variety of normal tissues

has now been repeatedly demonstrated.zo’n’22'23’24'25’26

In hypoprofusion states, ischemia results in hy-

poxia of various cells and tissues. Hypoxia has been shown
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to induce labilization of lysosomal membranes and lysosomal

enzyme telease.9’27’28

- Furthermore, cellular hypoxia in-
creases anaerobic glycolysis and results in a metabolic aci-
dosis. Since lysosomal enzymes are most active in the acid
PH range, it is not unreasonable to assume that the solubili-
zation and activation of these enzymes would be accelerated
by the accompanying metabolic acidosis. It has been postu-
lated that in shock, the activation of these lysosomal hydro-
lytic enzymes initiates cellulzr autolysis, cell death and
local tissue degeneration. Following their introduction into
the systemic circulation these enzymes, or products of their
action, may cause adverse effects to distant tissues, thus
leading to a propagation of the shock syndroﬁe, and a state
of irreversibility.24’29’3o

A large body of suggestive evidence has now accu-
mulated which implicates lysosomal hydrolytic enzymes in the
pathogenesis of shock, Numerous investigators have demon-
strated increased levels of circulating lysosomal enzymes in
a variety of shock states, including hemorrhagic shock, 24+31-36

bacterial endotoxin shock,Z2>*32+37,38

29,39
14

traumatic (drum)
shock and splanchnic ischemic shock.40 Janoff et al29
demonstrated the release of beta-glucuronidase and cathepsins
from the lysosomal fractions of liver obtained from animals
subjected to traumatic and bacterial endotoxin shock. They
further demonstrated elevations in plasma acid phosphatase

and beta-glucuronidase during these forms of shock and found

that these enzymes were released into the circulation in a
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predictable manner. Hepatic lysosomal homogenates from
shocked animals also revealed an increase in the ratio of
enzymatic activity found in soluble versus sedimentable
fractions, which suggested an in vivo loss of lysosomal mem-
brane integrity. 1In vitro studies were confirmatory of in-
creased hepatic lysosomal fragility. Wwhen hepatic lysosomal
suspensions from shocked animals were incubated at 37° or
subjected to mercury arc irradiation, a greater release of
cathepsins occurred than was the case with suspensions ob-
tained from unshocked controls,

Reich et a135

studied plasma catheptic activity in
cats subjected to hemorrhagic shock and reported a significant
relationship between plasma cathepsin activiﬁy and mortality.
Animals which developed greater than twice the normal plasma
cathepsin level during shock had a 50 per cent higher mor-
tality rate than animals which failed to develop twice normal

36 reconfirmed the appearance of acid

levels, Courtice et al
phosphatase, beta-glucuronidase and cathepsin D in the plasma
of animals during hemorrﬁagic shock. These investigators
further documented increases in acid ribonuclease and N-acetyl-
B~D-glucosaminidase during hemorrhagic shock and demonstrated
a parallelism between plasma lysosomal enzyme levels and the
duration of shock. .

Another major category of evidence for the role of
lysosomes in shock has been the demonstration of multiple.

deleterious effects resulting from the infusion of lysosomal

constitutents into experimental animals. Gazzaniga and
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O'Connor41 observed the effects of intravenous infusions of

autologous kidney lysosomal enzyme extracts in intact dogs.
In their series, infusions of these extracts resulted in
hypotension, altered blood coagulation, granuiocytopenia.
hepatic congestion and changes in the viability of the gas-
trointestinal tract, including gastrointestinal bleeding and
infarctions of the mesentery, omentum and bowel wall. Both
sedimentable and soluble lysosomal-rich fractions were uti-
lized for infusion. These preparations were obtained by
homogenization of doé kidney followed by two sequential ul-
tracentrifugations at 15,000 x g.

42 subjected dogs to infusions of hepatic

Glenn et al
lysosomal extracts obtained by techniques similar to those of
Gazzaniga and QO'Connor. Infusion into normal dogs resulted:
in significant decreases in mean arterial blood pressure,
cardiac output and superior mesenteric artery blood flow.
These changes were also noted to parallel increases in plasma
cathepsin D activities. A second group of dogs was subjected
to exclusion of the major portion of the reticuloendothelial
system by splenectomy and portocaval shunt prior to lysosomal
extract infusion studies. This preparation bypasses the
natural defenses of the reticuloendothelial system and al-
lowed greater expression of lysosomal hydrolase activity.

In this series, the hemodynamic effects of lysosomal extract
infusions were more pronounced and a significant (67 per cent)
mortality rate was demonstrated, Furthermore, perfusion of

isolated cat heart preparations with these extracts was found

to produce significant decreases in cardiac contractile force
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and coronary artery blood flow. 1In order to determine whether
this negative inotropic effect was due solely to coronary
artery vasoconstriction or to a direct cardiodepressant
effect, lysosomal extracts were added to isolated cat papil-
lary muscles, The addition of these extracts resulted in
marked decreases in the developed tension of these muscles,
indicating a direct cardiodep}essant action of lysosomal
hydrolases. These authors therefore concluded that lysosomal
enzymes contribute to the pathophysiology of circulatory
shock by a direct depressant action on the heart and by a
marked increase in peripheral vascular resistance, .

In addition to their hemodynamic effects, direct
vasculotonic effects of lysosomal enzymes have been demon-

strated., Sutherland et a124

studied the myocardial vessels
of isolated canine hearts perfused with lysosomal extracts,
Histologic examination of these vessels repeatedly demon-
strated lesions consisting of endothelial proliferation with
partial occlusion of the vessels and fragmentation of base-

ment membranes, Janoff et alz2

observed multiple pathologic

changes in the microcirculation of rat and rabbit mesentery

following the direct application of lysosomal extracts. Ly-

sosomal constituents have also been shown to injure cutaneous

vessels of rabbits causing increases in capillary permeability

and the development of Arthus- and Swartzman-like lesions,2143
Of the numérous lysosomal enzymes, the acid pro-

teases, and in particular the cathepsins, have been implicated

as the agents most responsible for deleterious effects in
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shock. In addition to the previously mentioned lines of evi-
dence, several investigators have reported that protease-
cathepsin inhibitors afford protection in various experimen-

44 studied the effects of these

tal shock states. Back et al
pharmacologic agents in shock caused by trauma, burn and ana-
phylaxis., The protease inhibitor trasylol, and to a lesser
extent epsilon amino caproic acid, significantly reduced
mortality in these shock systems during their acute phases.,
Both agents also caused marked reductions in plasma catheptic
activity. Trasylol demonstrated a significant dose-response
relationship in all these forms of shock and caused the
greatest decreases in plasma cathepsin levels, Other inves-
tigators have confirmed the enhanced survival of experimental

animals in shock following trasylol-administration.45’46

47 demonstrated that when administered

Furthermore, Smith et al
before the induction of hemorrhagic shock, trasylol main-
tained cardiac output at higher levels and total peripheral
resistance at lower levels than expected,

A recent immunologic study has also suggested a
detrimental role for lysosomal enzymes in shock. Jones and
wangensteen48 pretreated rabbits with a specific anticathep-
sin D antiserum prior to the induction of hemorrhagic shock.
These passively immunized animals demonstrated a 47 per cent
increase in survival as compared to non-immunized control
animals, This finding suggests that the removal of cathepsin
D by formation of antigen-antibody complexes prevents the
deleterious effects of this acid protease in circulatory

shock,
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pespite all of the accumulated experimentai evidence,
the role of lysosomal enzymes in shock remains controversial.
Neither the chronological sequence of lysosomal disruption
in shock nor its significance in terms of cell destruction
has been adequately defined. Whereas some biochemical and
histochemical studies have demonstrated damage to lysosomal
membranes early in the course of experimental shock, others
have reported this as a late finding. Sutherland et a124
presented histochemical evidence to show that lysosomal dis-
ruption and intracellular scatter of acid phosphatase occurs
within two hours after the onset of severe hemorrhagic shock.
In the intestinal epithelium of dogs subjected to profound
hypotension, the intracellular dispersal of lysosomal acid
phosphatase was found to precede and signal early necrotic
changes, Kerr.49 however, reported that following ischemic
hypoxia of the liver, marked changes were evident in those
cells destined to undergo coagulative necrosis before any
abnormality could be detected in the lysosome by histochemical
methods, Eurthermore. the appearance of lysosomal hydrolases

in the circulation during shock cannot be taken as sufficient

‘ evidence that they are the primary agents of destructive

effects, Certainly their appearance could as easily repre-
sent an epiphenomenon occurring secondary to other intracellu-
lar alterations in shock states, or their action may be con-
tributory rather than primary in the development of irrever-
sible changes during shock.

The various biochemical, histologic, pharmacologic

and immunologic studies offer highly suggestive but indirect
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evidence for én important role of lysosomal proteases in
shock. More direct evidence has resulted from the demon-
stration of multiple damaging effects following the infusion
of lysosomal preparations into experimental animals, These
studies have reproduced some of the pathophysiologic changes
that characterize thé shock state. 1In recent years, methods
have been devised for the isolation and purification of
cathepsin D. It is the purpose of the present investigation
to adopt a method for obtaining purified cathepsin D and to
directly evaluate the role of this enzyme in circulatory
shock, Experimental models were designed to assess the
effects of massive doses of this enzyme in normal animals
and in animals subjected to either mild or severe hemorrhagic
shock., Further studies were undertaken to observe the direct

effects of cathepsin D upon the heart and microcirculation.
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II. EXPERIMENTAL METHODS AND MATERIALS

Cathepsin D Purification

The method of Barrett.so’s1

with godifications,

was used for cathepsin D isolation. Commercially obtained,
young, rabbit liver (2.0 kg) was homogenized in 4.0 liters

of 1 per cent saline solution containing 2 per cent 1l-butanol.
Calcium chloride dihydrate (88 gm) was dissolved in the homo-
genate and 600 cc of 1 M dipotassium hydrogen phosphate were
added while stirring. The pH of the homogenate (approxi-
mately 5.5-6.0) was adjusted to 7,0 by the addition of 2 M
tris base HCl1l buffer (Sigma 1503 tris base, 242 gm, dissolved
in approximately 850 cc deionized water, adjusted to pPH 9 by
the addition of 6 M HC1 and diluted to a liter of 2 M solu-
tion by further addition of deionized water), The homogenate
was then centrifuged at 1500 x g in a Sorvall RC2B ultracen-
trifuge for 30 minutes at 15° C., The resultant precipitate
was discarded, The supernatant was adjusted to pH 3.6 with

5 M sodium formate-formic acid buffer of pH 3.0 and incubated
for 12 hours at 37° c. The supernate was cooled to 0° C and
0.9 volumes of anhydrous acetone (dried with anhydrous éodium
sulfate) were added over a 10-minute interval. The prepara-
tion was centrifuged at 1500 x g for 15 minutes at 0° ¢, the
precipiiate was discarded, and a second volume of acetone
equal to the first was added to the supernate, The subse-~
quent precipitate was collected by vacuum filtration through

a Buchner funnel with whatman #1 filter paper in the presence
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of celite analytical filter aid. The filtrate was discarded
and the precipitate redispersed in a minimum volume of 50 mm
EDTA trisodium salt in a buffer solution at pH 8.0 of 50 mm
tris base-tris HCl1 (made by the addition of 17.9 gm EDTA
trisodium salt to 2,65 gm tris base and 4.44 gm tris HCl and
diluted to 1 liter). The preparation was dialyzed over a
24-hour period against two changes of the EDTA tris buffer
solution and then redialyzed for 24 hours against a 2 mm tris
HC1 buffer solution of pH 9.0 until the pH of the preparation
was above 7.5. The preparation was then filtered as before,
the filtrate was preserved and the precipitate discarded. »
Approximately 300 cc of enzyme preparation was available at
this stage. The preparation was applied to a 200 cm® column
of whatman #DES52 DEAE cellulose equilibrated with tris HC1
buffer solution (14.4 mm tris base brought to pH 7.8 with

10 mm HC1l). The column was eluted with two liters of 0.2 M
sodium chloride in the tris HC1 buffer along a linear gradient.
The rate of elution varied from 75 to 100 cc/hour. Ten cc
samples were collected using an Instrument Specialties Model
#400 volumeter and Model #328 fraction collector and 1 ul
sample fractions were assayed for cathepsin D activity. Those
samples with high (>20 units/cc) activity were pooled and
dialyzed for 12 hours against 30 mm acetic acid-30 mm sodium
acetate buffer of pH 4.75. The dialysate was applied to a
volume of whatman #CM52 DM cellulose, bedded to 15 cm3. and
equilibrated with 30 mm acetic-acid-30 mm sodium acetate

buffer, pH 4.,75. The column was eluted with an appropriate
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amount of 50 mm acetic acid-200 mm sodium acetate (2.9 cc
glacial acetic acid and 27.2 gm sodium acetate in one liter
deionized water) and 3 cc fractions were collected, Frac-
tions with high (>20 units/cc) cathepsin D activity were
pooled and stored at 0° C. Elution was then continued until
fractions were obtained which demonstrated no cathepsin D
activity. These fractions were pooled and stored at 0° ¢

for use as control solution.

Biochemical Determinations

Plasma cathepsin D activity was assayed using a

combination of the methods of Barrettso 52

and Anson, The
assay is based on the determination of acid-soluble peptides
released from hemoglobin substrate by énzyme sample, A mix-
ture of 0,5 cc plasma sample, 0.25 cc 8 per cent hemoglobin
substrate (Sigma H=-2500 type I bovine hemoglobin) and 0,25 cc
1 M formate buffer, pH 3.0 was incubated in a Dubnoff meta-
bolic shaker at 37° for 60 minutes. Proteolytic action was
stopped by the addition of, 0.3 M trichloroacetic acid (5 cc)
and the mixture allowed to stand at room temperature for five
minutes. The pfeparation was then filtered through whatman
filter paper #1 and 2 cc of the clarified filtrate was added
to 4 cc 1 N NaOH. After 10 minutes at room temperature 2/3

N folin ciocalteau phenol reagent was added and mixed imme-
diately., Thirty minutes thereafter, optical density was

determined at 700 mu on a Coleman Jr. spectrophotometer,

Blanks were obtained by the addition of plasma sample to
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hemoglobin substrate buffer after incubation followed by mix-
ing with trichloroacetic acid, Enzymatic activity is deter-
mined by the difference in optical density between enzyme
sample and blank at 700 my ., Cathepsin D specific activity
‘was expressed as milliequivalents of tyrosine x 10™® produced
per milliliter sample per milligram proteip rer hour at 37°.
Relative activity was defined as milliequivalents tyrosine
x ].0"4 produced per milliliter sample per hour at 37°.
Protein was determined by the method of Lowry et

a153

for the purification preparations and by the biuret tech-
nique for plasma samples, [?a{] and [k+ were determined by
a flame spectrophotometer, [plf] was analyzed by a chlori-
meter, Other biochemical parameters were deéermined by Bio-

medical Laboratories, Inc.*

Intact Animal Preparation

New Zealand white rabbits, weighing between 3 and
3.5 kg were anesthetized by the administration of aceproma-
zine (0.3 mg IV) and sodium pentobarbitol (20 mg/kg IV).
The left carotid artery was cannulated with a 14 F polyethy-
lene catheter, ‘Mean arterial blood pressure (MABP) and heart
rate were monitored using a Statham P-23 Db pressure trans-
ducer and recorded on a Hewlett-Packard 8805 B carrier amp-
lifier calibrated with a pressure range from O to 100 mm Hg.
A rectal probe connected to a tele-thermometer was inserted
for monitoring core body temperature. Initial MABP, heart

rate and temperature were recorded and a 3 cc blood sample

*Biomedical Laboratories, Inc., Richmond, Virginia,
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was obtained for cathepsin D assay. The purified cathepsin D
preparation was given i.atravenously over a five-minute inter-
val, The volume for irfusion was calculated, on the basis of
animal weight, tu give serum cathepsin D levels equal to or
greater than that found in severe hemorrhagic shock. Over
the ensuing two-hour experimental period, MABP, heart rate
and ten_erature were recorded and 3 cc blood samples were
obtained for catheps_n D assay at 15-minute intervals. Three
cuvic centimeters of heparinized saline solution was infused
after each blood sampling in order to maintain fluid balance,
At t..e termination of the experiment, the arterial cannula
was removed, the animal was returned to its cage, and its

condition observed at 8, 16, and 24 hours following infusion.

Hemorrhagic shock Preparations

Twenty-four New Zealand white rabbits were prepared
and monitored in a fashion similar to that for the intact
animal study. Initial MABP, heart rate and temperature were
recorded and a 3 cc blood sample was obtained for pH and
cathepsin D assay. Arterial blood was then rapidly drained
into heparinized syringes. 1In approximately five minutes a
mean pressure of 40 mm Hg was reached and this level was
carefully maintained for 60 minutes., Following hemorrhage,
half the animals were infused over a five-minute interval
wvith an appropriate quantity (200 units relative activity/kg
body weight) of purified cathepsin D and half with equal

volumes of control solution., During the following one hour
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the animals were allowed to equilibrate, after which time the

‘ remaining shed blood was reinfused. MABP, heart rate and

temperature were monitored and 3 cc blood samples were ob-
tained for cathepsin D assay every 15 minutes during the
periods of hemorrhage and equilibration and for one hour after
blood reinfusion, Following hemorrhage, 3 cc of heparinized
saline was administered after each blood sampling. Arterial
blood pH was determined initially and after each hour of the
total three-hour experiment. At the termination of the ex-
periment, the arterial cannula was reﬁoved, the animal was
returned to its cage, and its condition was observed at eight~
hour intervals for twenty-four hours following infusion.

An additional 30 rabbits were subjected to all of the
above procedures except that these animals were bled into
severe shock with the MABP held at 25 mm Hg during the period
of hemorrhage., Fifteen animals received the purified cathep-
sin D preparation and the remaining 15 served as controls,
Plasma beta~glucuronidase activity was also measured initially

and at one-hour intervals throughout the experimental period,

Microcirculation Studies

The effect of cathepsin D upon vascular integrity

wvas assessed by the Evans blue dye technique.21'23

Two
intradermal abdominal injections of purified cathepsin D at
a dosage of ten units relative activity/injection were given
into the clipped abdominal skin of rabbits anesthetized with

sodium pentobarbitol, For controls, each animal received
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two additional intradermal injections each of the prepared
control solution (0.15 cc/injection), bacteriostatic saline 1
(0.15 cc/injection) and histamine phosphate (3 mg/injection).
One hour following preparation of the skin, Evans blue dye
at a dosage of 0.3 éc/kg of a 5% saline solution was admini-
stered intravenously. Fifteen minutes after the dye injection,
the animals were sacrificed and the diameter of any locally
extravasated dye was measured on the inner surface of the
skin, The diameter and intensity of "bluing” around the in-
jection site which results from locally leaked dye is an in-
dication of alterations in vascular permeability. -Bluing

intensity was graded from 0 to ++++, Eight animals were

studied and the cathepsin D used for injectidn was varied be-
tween the products of three purification procedures.

In order to more fully evaluate the effects of
cathepsin D upon peripheral vascular homeostasis, its action
on the microcirculation of rabbit mesentery in the living
state was observed., The method of zwiefach and MetzS4 was
used for the preparation of rabbit mesentery maintained under
physiologic conditions. Rabbits, lightly anesthetized with
sodium pentobarbitol (15 mg/kg), were subjected to laparotomy
and gentle exteriorization of a portion of the small bowel
mesentery. The mesentery was loosely draped over a specially
prepared plexiglass stage of a Bausch and Lomb binocular
1ight microscope and immediately irrigated by drip through a
19 gauge needle with Ringer gelatin solution rigidly main-

tained at 37° ¢ by a Tamson circulating thermostatic bath.
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Adequate microscopic observation of the mesenteric microcir-

0 culation was obtained by magnification with a 10 x ocular

! lens in combination with a 10 x objective or 40 x water im-

‘ mersion lens. Following visual checks on the normal appear-
{ : ance of the circulation, purified cathepsin D was applied
topically and allowed to remain on the tissue for selected
time intervals. The quantities of enzyme preparation applied
§ were varied from 1 to 3 cc of preparations containing 59,9
and 48.8 enzyme units/cc. Following application, the mesen-
teric vessels were observed for periods up to 45 minutes for
changes in blood flow, capillary permeability and leukocyte

{ immigration,

Myocardial Muscle Assay

Purified cathepsin D preparations were assessed for
inotropic activity on isolated rabbit myocardial muscles by

the method of Lefer.55

New Zealand white rabbits weighing
3.5 to 4.0 xg were anesthetized with intravenous sodium pen-
tobarbitol (25 mg/kg). A cardiectomy was rapidly performed
through a median sternotomy under positive pressure ventila-
tion and the heart was immediately placed in a continuously
oxygenated bath of modified Krebs-Henseleit buffer solution
at room temperature. Two left ventricular muscle slips,
averaging 8 to 10 mm in length and 1 mm in diameter, were

dissected free and secured at each end with 4-0 silk liga-

tures while submerged in the buffer bath., Each muscle was

<:’ then vertically mounted by the ligatures in the inner chamber

of a 10 cc double jacketed constant temperature chamber
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containing Krebs-Henseleit buffer., The concentration of the
Krebs-Henseleit buffer, in millimoles/liter, was: NaCl, 118;
KCl1l, 4.75; CaCl2 ¢ ZHZO, 2,54; KH2P04. 1,19; MgSO4 ® 7H20,
1.19; &aHCO3, 12,50; and glucose, 10.00, The solution was
equilibrated with 95% 0, ané 5% CO, to a pH of 7.3, Chamber
temperature was maintained at 37° ¢ by‘a Tamson circulating
thermostatic bath and the muscle chamber was aerated contin-
uwously with 95% 0, and 5% CO,.

The myocardial muscles were electrically stimulated

by platinum disk electrodes 8.7 + 0.2 mm in diameter fixed on

. both sides of the mounted muscle at an interelectrode distance

of 6.0 + 0.5 mm, Stimuli consisted of 20 msec pulses of al-
ternating current of 3.75 to 4.00 volts peak applied at a rate
of 1 pulse/sec., The alternating current pulse stimulator con-
sisted of a 44 volt Grass SM6 stimulator equipped with variable
frequency and duration controls connected in line to a variable
0 to 10 volt step-down transformer. Muscle tension was reg-
iste;ed on a Grass FT032 force displacement transducer and
recorded on a Sanborn Model 60-1300 Twin Viso equipped with
Sanborn Model 64-500B strain gauge amplifiers., The strain
gauge amplifiers were balanced and calibrated daily with a

1 gram standard weight. A length-tension relationship was
determined for each muscle, and the muscle tension was set to

a level just below that at which electrical stimulation pro-
duced maximal developed tension during isomegric contractions.

This was approximately 1 gm for a muscle of 1 mm diameter,

2
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After the muscles developed a constant resting ten-

- sion and contractile force, the Krebs-Henseleit buffer was
removed by aspiration and replaced with either cathepsin D
or control solution, Cathepsin D was tested at increasing

concentrations up %o 40 units relative activity/cc, Follow-

ing each assay for inotropic activity, the muscle bath was
i washed out and renewed with fresh Krebs-Henseleit solution

i prewarmed to 37° C, and the muscle allowed to return to its
resting tension, Inotropic activity was measured as the per
cent change in developed tension of the sample bathing the
muscle compared to activity in the Krebs-Henseleit buffer

‘ standard,

Statistical Analysis

All reported values, unless otherwise indicated,
are expressed as the mean + the standard error of the mean
! (SEM). Analysis for statistical significance was made by
=% the unpaired student "t" test and, where appropriate, by the
f paired "t" test. Probability values less than 0.05 were con-

sidered statistically significant,
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III RESULTS

Cathepsin D Purification

Using a total of 16 kg rabbit.livers, 994 cc of
purified enzyme extract containing a mean 44.9 + 4.9 en-
zyme units/cc were produced (table 1), High yields, averag-
ing 44% of the initial homogenate enzymatic activity, were
obtained, Overall, the procedure resulted in an approximate
203-fold increase in purity but purification, particularly
following DEAE cellulose column chromatégraphy. was less than
expected, The final preparations averaged 121.8 + 22,9 en-
zyme units/mg protein with a mean 0,56 + 0.23 mg/cc total
protein,

Assay for enzymes other than cathepsin D was per-
formed on the purified enzyme extracts. The lysosomal en-
zymes acid phosphatase and beta-glucuronidase were not de-
tectable in any of the final preparations. Other liver en-
gymes were present in small quantities (table 2), As expected.
sodium concentrations were high, but other electrolytes were

absent with the exception of trace amounts of calcium, Cho-

lesterol was found to be the other non-protein contaminant
most consistently present, Analysis of the prepared control
solutions failed to reveal any catheptic activity and demon-
strated a close similarity to the cathepsin D preparations in
terms of contamination. The pH of both preparations averaged

5.2.
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Infusion Studies

Normal plasma cathepsin D was measured in 58 healthy
rew Zealand white rabbits and found to be 1,65 + 0.19 units/mg
protein (0.20 + 0,10 unit/cc). Following infusion of the
purified cathepsin D preparation in seven normal rabbits. en-
zyme activity increased dramatically. At 15 minutes, plasma
cathepsin D activity had increased 467% to 38,20 + 4.38
units/mg protein (figure 2). bver the ensuing 105 minutes
a gradual but progressive fall in plasma cathepsin D activity
occurred, probably as a result of clearance of the -enzyme by
the reticuloendothelial system, However, at two hours fol-
lowing infusion, plasma cathepsin D remained significantly
elevated over initial levels (p <.005) at 20.10 + 3.95 en~
zyme units/mg protein which is in the upper range observed
in shock states.36

The hemodynamic and temperature responses to the
infusion of cathepsin D in normal rabbits are summarized in
table 3. No statisticaily significant change was noted in
either MABP or heart rate during the entire two-hour experi-
ment., A significant fall in temperature (p < .005) was ob-
served at 60 minutes following infusion and persisted through-
out the remaining experimental period, No animal died follow-
ing infusion and all animals were judged to be in good health

24 hours following infusion,

Figure 3 summarizes the variations in plasma

cathepsin D activities in rabbits subjected to one hour of
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mild (MABP = 40 mm Hg) hemorrhagic shock prior to the infu-
sion of either purified cathepsin D or control solution.
Fifteen minutes after the initiation of hemorrhage, plasma
cathepsin D demonstrated a mean 41% increase in activity over
preshock levels., After one hour of shock, activities in-
creased to 15.56 + 3.02 units/mg protein in the cathepsin D
infusion group and 21,80 + 4.83 units/mg protein in the con-
trolls, representing respective increases of 750% (p< .001)
and 1183% (p < .001), Fifteen minutes following infusion of
the purified enzyme extract, plasma cathepsin D increased
3812% over initial levels to a peak 71.59 + 4.40 units/mg
protein. In the control animals, levels gradually increased
1972% to a maximum 35,23 + 7.04 units/mg proéein at fifteen
minutes after infusion of the prepared control solution.
Rabbits which received the purified cathepsin D maintained
significantly higher plasma cathepsin D activities following
infusion as compared to the controls. At one hour after the
reinfusion of shed blood, cathepsin D remained significantly
elevated in these animals at 30.68 + 3.61 units/mg protein
versus 14,73 + 2,87 units/mg protein in the control rabbits
(p < .005),

The hemodynamic, temperature and arterial blood pH
responses of the experimental and control animals are summa-
rized in table 4., No statistically significant differences
between the cathepsin D and control solution infused rabbits
were observed in these parameters during the entire experi-

mental period, The MABP was approximately 40 mm Hg after one
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hour of hemorrhage and the mean maximal amount of shed blood
was identical (24 + 3 cc/kg) in both groups. Each group de-
monstrated mild elevations in MABP after infusion of purified
cathepsin D or control solution as a response to volume ex-
pansion, and both groups expericnced similar responses to the
reinfusion of blood., Fifteen minutes after blood reinfusion
the MABP of cathepsin D-infused rabbits increased 139% to
85.2 + 3.7 mm Hg, wvhile that of controls increased 128% to
85.1 + 8,6 mm Hg., Over the foilowing 45 minutes both groups
maintained approximately the came MABP. 71he heart rate and
temperature responses of both Jroups wvere also highly analo-
gous and alterations in these pacameters were as predictable
as MABP, Although intact animals infused wiéh cathepsin D
demonstrated significant depression in core body.temperature,
no significant differences in temperature were observed be-
tween rabbits receiving cathepsin D and those receiving con-
trol solution, Rabbits infused with the purified enzyme
preparation developed an average maximal fall of 1.1° ¢ in
temperature with peak depressions occurring 45 minutes after
blood reinfusion. Core body tamperature of controls demon-
strated a mean maximal deprec:sion of 0.6° ¢ with peak depres-
sions 30 minutes after blood reiafusion, Both groups also ex-
perienced nearly identical arterial blood pH alterations,

Hemorrhage was followed by the develorment of a mild acidosis

R % S

vhich gradually resolved during the remaining experimental period.

The mortality rate was 33% in rabbits infused with
cathepsin D and 17% in controls. The difference in these

rates is not statistically significant,
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Animals subjected to severe (MABP = 25 mm Hg)
hemorrhagic shock demonstrated profound increases in plasma
cathepsin D activities (figure 4). Within 15 minutes follow-
ing the induction of shock, enzyme levels increased 91% to.
3.15 + 0.69 units/mg orotein (p< 0.02) and 36% to 2.95 + 0.42
units/mg protein in the experimental and control groups, re-
spectively. One hour after the induction of shock, activities
were markedly elevated and demonstrated a 2387% increase to
41.03 + 3,35 units/mg protein in the experimental group and
a 1588% increase to 36.65 + 3.47 units/mg protein in the
éontrols. The difference in plasma cathepsin D acéivities
between groups after one hour of shock was not significant
and no differences in MABP, heart rate or core body tempera-
ture were observed during hemorrhage. The mean maximal
amount of blood shed during hemorrhage was also similar.
Rabbits which received purified cathepsin D had a mean
33.5 + 0.2 cc/kg blood removed during hemorrhage. A mean
34,0 + 1,0 cc/kg blood were shed from controls.

Those animals infused with purified cathepsin D de-
monstrated a total 5870% (p< 0.00l1) increase in plasma ca-
thepsin D activity which.peaked at 98.51 + 5.17 units/mg
protein 15 minutes after infusion. During the following
period of equilibration, enzyme levels gradually decreased
but a sharp depression occurred after the reinfusion of blood,
probably as a result of hemodilution. After blood reinfusion,
plasma cathepsin D levels again demonstrated a gradual pro-

gressive decrease in activity. However, one hour after the
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reinfusion of blood, plasma activities remained significantly
elevated at 48,92 + 1,97 units/mg protein (p <.001).

The control rabbits experienced a continual rise in
plasma cathepsin D activity following the infusion of control
solution, Activities peaked 60 minutes after infusion at
47.39 + 3,96 units/mg protein, Following blood replacement
a sharp decline in plasma activity occurred which was similar
to that ir the experimental group. Thereafter, activities
declined progressively although a small but insignificant
elevation occurred at the termination of the experiment,
Plasma cathepsin D activity was significantly elevated in
rabbits which received the purified enzyme preparation as
compared to the control rabbits at all times following infu-
sion,

Table 5 summarizes the hemodynamic, temperature and
arterial blood pH responses of rabbits infused with either
purified cathepsin D or control solution following one hour
of severe hypotension, MABP, heart rate and core body temp-
erature did not vary significantly between groups throughout
the three-hour experiment, Elevations in MABP occurred pre-
dictably in both groups as a result of volume expansion fol-
lowing the infusion of the cathepsin D preparation or control
solution and after blood reinfusion. Both groups also main-
tained close similarities in MABP and heart rate after the
reinfusion of blood. One hour following blood reinfusion,
rabbits which received the cathepsin D preparation demonstrated

a MABP of 71,4 + 7.1 mm Hg and heart rate of 255 + 6 beats/-
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minute, Controls at this same time exhibited a MABP of
63.5 + 4.7 mm Hg and heart rate of 243 + 8 beats/minute,
Similar depressions in core rody temperature occurred in both
groups during tﬂe experiment, The temperature of rabbits in-
fused with cathepsin D decreased from an initial 38.2 + 0.1° ¢
to 36.9 + 0.2° ¢ 15 minutes after blood reinfusion. Control
rabbits also experienced maximal depression in core body
temperature 15 minutes after blood reinfusion and demonstrated
a decrease from an initial 38.2 + 0.1° ¢ to 36.6 + 0.2° c.
Tenperature depressions probably represented normal physiolo-
gic responses to hemorrhagic shock and to the administration
of room temperature solutions and blood., Both groups demon-
strated significant but similar changes in arterial blood pH.
The experimental animals experienced a mean 0.28 + 0,02 de-
crease (p <.001) in arterial pH from an initial pH of 7.48 +
0.01 to 7.20 + 0,03, 60 minutes after the induction of shock.
Over the same interval, control rabbits exhibited a mean
0.27 + 0,02 decrease (p <.,001) in arterial pH from an initial
pPH of 7,50 + 0,01 to 7.23 + 0,03, Following the infusion of
cathepsin D or control solution, acidosis persisted, but
after blood reinfusion, arterial pH demonstrated a return to
normal values. Sixty minutes following the reinfusion of
blood, arterial pH was 7.41 + 0,05 and 7,38 + 0.04 in rabbits
vhich received cathepsin D or control solution, respectively.

Plasma levels of beta-glucuronidase demonstrated
similar patterns in rabbits which received cathepsin D and

rabbits infused with control solution (figure 5), Both groups
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" exhibited increases in plasma activity of this enzyme during

hemorrhage and after infusion, and declines in activity after
blood reinfusion. No statistically significant effect on
plasma beta-glucuronidase activity was demonstrated following
the infusion of high activities of cathepsin D. The initial
levels of plasma beta-glucuronidase in rabbits infused with
catheosin D was 45.0 + 4.1 units. This increased to 164,0 +
19.7 units following 60 minutes of shock and to 328.9 + 39.4
units one hour after the infusion of cathepsin D, One hour
following blood reinfusion, activity declined to 255.3 + 42.0
units. Similarly, plasma beta-glucuronidase of control rab-
bits was 39.1 + 3.3 units initially, 143.8 + 26.2 units after
one hour of shock, 256.2 + 44.4 units one hour following in-
fusion of control solution and 218,6 + 38.3 units one hour
after the reinfusion of shed blood,

Rabbits infused with purified cathepsin D demonstrated
a greater but statistically insignificant mortality rate than
controls (67% vs. 47%). Furthermore, there was no significant
difference in the mean survival time between groups. The
mean survival time for animals which received cathepsin D was
468 + 137 minutes (measured from the time of cathepsin D in-
fusion), whereas that for control rabbits was 622 + 237 minutes.
Four of 15 rabbits infused with cathepsin D and eight of 15

controls survived more than 24 hours following infusion,
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Micrrcirculation Studies

The cutaneous vascular responses to intradermal
injections of purified cathepsin D and appropriate controls
are summarized in table 6, Histamine phosphate was included
in this study as a known positive control, bacteriostatic
saline as a known negative control., There was local extra-
vasation of Evans blue dye at all histamine injection sites,
at 11 of 16 cathepsin D injection sites, five of 16 prepared
control solution injection sites, and two of 16 saline sites.
Histamine caused the greatest response, both in terms of dia-
meter and intensity of bluing and the average zone of dye
leakage about histamine injections was significantly greater
than that surrounding cathepsin D injections. However, ca-
thepsin D caused lesions larger than both the prepared control
solutio.. and saline. The average diameter of dye extravasation
surrounding injections of cathepsin D was 3.0 + 0.7 mm as
compared to 0,9 + 0.4 mm surrounding the prepared control
solution (p <.02) and 0,3 + 0,2 mm around saline (p < .001),
No difference in the intensity of bluing was observed between
cathepsin D and control solution.

The topical application of purified cathepsin D on
exteriorized rabbit small bowel mesentery failed to demon-
strate any direct vasculotoxic effects. Mesenteric fields
were observed which contained at least eight vessels consis-
ting of various numbers of arterioles, precapillaries, capil-

laries and collecting venules. Blood stasis occurred in a
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small percentage of these vessels immediately after the

application of the cathepsin D preparation. Precapillaries
were most frequently affmrcted and responded by a gradual re-~
duction in the normal retrocrade ocillations of blood flow
followed rapidly by the complete stasis of blood. However,
the majority of vessels continued to function unaltered for
periods up to 45 minutes after the anplication of cathepsin D.
Altered vascular integrity secondary to the action of ca-
thepsin D could not be confirmed in this study. There also
was no evidence either of leukocyte emigration or leukocytic

adherence to endothelial surfaces. .

Myocardial Muscle Assay

Cathepsin D was assayed for inotropic activity at
concentrations of 4, 8 and 40 units/cc. The 4 and 8 units/cc
solutions vere prepared by respective 1:10 and 1:5 dilutions
of the 40 unit/cc sample in standard Krebs-Henseleit buffer.
Several samples of each concentration were extensively as-
sayed on ten different myocardial muscles. The results of
these assays are summarized in table 7. Cathepsin D at maxi-
mal concentratién produced marked positive inotropic effects
for three minutes after addition to the isolated muscle and
a small insignificant negative inotropic effect one minute
thereafter., No significant differences were noted between
the effects of cathepsin D and control solution at maximal
concentrations, Cathepsin D and control solution at the

dilute concentrations did not demonstrate the marked positive
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inotropic effects of the maximally concentrated preparations

and produced inotropic effects similar to one another,

rrrpr—
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IV DISCUSSION

Previous studies have demonstrated multiple dele~

terious effects following the infusion of lysosomal prepara-
tions into normal experimental animals, Refractory hypotension,

myocardial depression and enhanced splanchnic vasoconstriction

with pathologic alterations of the gastrointestinal tract

42 further

have been produced most consistently. Glen et al
observed that animals subjected to surgical removal of the

ma jor portion of the reticuloendothelial system demonstrated
more profound cardiovascular effects which correlated with
high plasma cathepsin D levels following the infusion of 1y-
sosomal preparations. These results have been interpreted
by some investigators as being consistent with the hypothesis
that release of lysosomal enzyme into the circulation may be
! responsible for the progressive deterioration of circulatory
. functions seen in the irreversible phase of shock.

In spite of these findings, several problems are
inherent in previous infusion studies, Foremost is the fact
that infusates were prepared by the techniques of tissue
Lk homogenization and differential ultracentrifugation. Since
individual 1lysosomes vary widely in.size and have sedimenta-
56

tion coefficients similar to other subcellular organelles,

isolation is difficult using these methods. These infusates

contained innumerable enzymes derived from multiple subcellu-

'(:) lar sources and included mitochondria, microsomes and endo-

plasmic reticulum as well as lysosomes. Furthermore, the
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preparations contained large quantities 6f nonenzymatic pro-
teinaceous contaminants of cellular and intercellular origin.
It is therefore difficult to ascribe the observed results
directly to lysosomal enzymatic action or to products of their
action, The present study deleted these extraneous factors

so that the effects of a single lysosomai enzymatic species -~
i.e., cathepsin D =-- could be observed.

Barrett's method for the isolation and purification
of cathepsin D was found to be reproducible and gave quanti-
ties of purified enzyme which were sufficient for physiologic
study. Although Barrett reported higher increases in purifi-
cation (870 vs, 203), our final preparations were sufficiently
low in total protein content and contaminants so as to pre-
clude interference with physiologic studies. None of the
extracts contained particulate contaminants and the final
preparations were highly clarified (figure 6). Purification
could have been increased somewhat by pooling only those
fractions of very high specific activity. However, this would
have been at the expense of percentage yield and would have
reduced the quantities of enzyme product available for study.
The major criticism of the procedure, emphasized by Smith and
Turk.57 is that it is lengthy and may allow some proteolysis
of cathepsin D by other enzymes present in the system during
isolation,

The present investigations failed to demonstrate
any hemodynamic effects of purified cathepsin D infusions in

intact rabbits., MABP and heart rate remained stable throughout
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the experiment, A significant depression in core body temp-
erature was observed in all of the animals studied. This

finding was unexpected and is difficult to explain since

appropriate controls were not studied. Many undetected changes

such as splanchnic vasoconstriction may have occurred which
could depress body temperature, but the etiologic agent(s)
of this effect are conjectural. Rabbits are known to respond
to deep pentobarbitol anesthesia by progressive decreases in
core body temperature,s4 and this is equally as likely an
explanation as any direct effect caused by cathepsin D. No
other untoward effects were observed and all animals survived
the experiment,

The reticuloendothelial system has been shown to be
in large part responsible for the clearance of circulating

lysosomal enzymes, lentz and Smith58

demonstrated reduced
levels of plasma acid phosphatase and beta-glucuronidase
during hypotension in animals pretreated with reticuloendo-
thelial stimulating agents., Zymosan, a complete cell wall
extract and known stimulant of reticuloendothelial function,
was found to give the smallest increases in plasma lysosomal
hydrolase activity during shock. Surgically accomplished re-
ticuloendothelial exclusion prolongs half-life of the enzyme
and results in greater increases in plasma levels during in-

59

fusion studies, Fredlund et al documented prolonged hydro-

lase disappearance following portocaval shunt, In one case,
the reestablishment of circulation resulted in the redevelop-

ment of a nearly normal elimination rate, Glen et a142
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subjected dogs to splenectomy as well as portocaval shunt

: prior to the infusion of unpurified lysosomal preparations.,

This resulted in a 170% increase in plasma cathepsin D levels

over that of intact, infused animals, and the enzyme was found

L S ——

to be elevated over prolonged veriods. In the present intact
animal series, plasma cathersin D increases were so massive
(467%) that reticuloendothelial exclusion was deemed unneces-

sary. Even at two hours following infusion, enzyme levels

were markedly increased (240%). 1Indeed, Glen et al did not
achieve greater initial increases (400%) and at two hours,
levels had fallen below those in the present series.

Few studies have been reported on the disappearance

60 found that the

of lysosomal enzymes from plasma. Huggins

half-life of acid phosphatase, following its intravenous ad-
i ministration to dogs, was approximately 40 minutes, Fredlund

et als9 studied the plasma disappearance of beta-glucuronidase

and beta-galactosidase following the infusion of crude lyso-

f ' somal extracts into pigs. These enzymes were found to follow

an exponential rate of elimination regardless of the dose of

infusate and both had half-life periods of approximately one

l

|
| hour. In the present study, the half-life of cathepsin D,

g by extrapolation, was found to be about 90 minutes in normal
. rabbits infused with high activities of the purified enzyme
f preparation, The plasma clearance of cathepsin D was also
fﬁ found to be both uniphasic and exponential (figures 1 and 7).

The infusion of high activities of exogenous ca-

3 <:) thepsin D into rabbits subjected to one hour of either mild

k A (MABP = 40 mm Hg) or severe (MABP = 25 mm Hg) hemorrhagic
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shock failed to modify physiologic responses in these shock
models, Furthermore, all rabbits which received the purified
cathcpsin D preparation demonstrated highly‘§§gnifican£ ele-
vations in plasma cathepsin D activity as compared to appro-
priate control rabbits. Previous studies have shown refrac-
tory hypotension to be a primary result of lysosomal extract
infusions into experimental animals. This effect has been
attributed both to a direct vasculotoxic action and to a direct
cardiodepressant action resulting in a decreased cardiac out-
put, Subsequent increases in total peripheral resistance,
with enhanced splanchnic vasoconstriction, resulted in the
compromise of the gastrointestinal tract and progression of
the shock syndrome., In the present investigation, MABP,
heart.rate and temperature did not vary significantly between
rabbits which received cathepsin D and comparable controls in
either shock model., Of particular significance is the fact
that rabbits infused with purified cathepsin D were, on the
average, able to respond appropriately to the reinfusion of
shed blood. 1In the mild shock group, rabbits which received
cathepsin D developed a MABP of 85.2 + 3.7 mm Hg 15 minutes
after the reinfusion of blood and maintained a MABP to 71,0 +
2.2 mm Hg at one hour following blood reinfusion., This re-
sponse was strikingly similar to control rabbits which devel-
oped a MABP of 85,1 # 8,6 mm Hg at 15 minutes and 74.7 + 4.6
mm Hg at one hour after blood reinfusion. In the severe shock
group, rabbits infused with cathepsin D demonstrated a MABP

of 80.0 # 5.6 mm Hg 15 minutes after blood reinfusion and a
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MABP of 71.4 + 7.1 mm Hg at one hour following the reinfusion |

(:) of shed blood., Similarly, controls demonstrated a MABP of

i 81.0 # 4.5 mm Hg at 15 minutes and 63.5 + 4.7 mm Hg at one

! hour after blood reinfusion, Moreover, no statistically
significant difference in mortality or mean survival time was
demonstrated in either shock model between rabbits which re-
ceived cathepsin D and control rabbits,

i The lack of direct cardiodepressant actions of ca-
thepsin D was confirmed by observations of the effect of this
enzyme on isolated isometrically contracting rabbit myocardial
muscle., Increasing concentrations of cathepsin D were tested

l for inotropic activity up to a maximum concentration of 40

units/cc. This concentration (equivalent to 114 units/mg

protein specific activity) represented approximately three
times the plasma cathepsin D activity usually observed in
rabbits following one hour of severe hemorrhagic shock. Ino-

tropic effects of cathepsin D were compared to those of the

prepared control solution and the Krebs-Henseleit standard
buffer solution. At the more dilute concentrations, the ad-
dition of purified cathepsin D extracts to isolated rabbit
myocardial muscle failed vo alter significantly the ability 4
of these muscles to develop appropriate tensions following
electrical stimulation. Cathepsin D at maximal concentrations
produced significant positive inotropic effects for the first
three minutes following its application to the myocardial
muscle preparation. Thereafter, positive inotropy diminished.

(:) Furthermore, . the inotropic effects of cathepsin D at the
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various concentrations did not vary significantly from those
of the corresponding prepared control solutions which fol-
lowed similar patterns. .

The appearance of cathepsin D in the circulation of
animals subjected to one hour of either mild or severe hypo-
tension was found to be highly rredictable and reflected both
the duration and severity of shock, In all rabbits studied,
plasma cathepsin D demonstrated progressive increases in ac-
tivity during the course of hypotension. In severely shocked
rabbits, the rate of appearance was greater than that in an-
imals subjected to an equal period of mild hypotension, and
significantly higher levels of plasma cathepsin D activity
were observed (figure 8), However, no significant correlation
could be made between plasma cathepsin D levels and mortality.
Neither rabbits which developed high endogenous levels of ca-
thepsin D during shock, nor those infused with high activities
of cathepsin D following shock, demonstrated correlations in
these parameters.

Increased circulating activities of lysosomal hydro-
lases have been shown to be an early consequence of ischemia.

Riciutt161

found a significant loss of acid phosphatase from
canine papillary muscle as early as one hour following coro-
nary artery occlusion in the dog. Spath et a162 demonstrated 1
the 1o0ss of cathepsin D from the myocardium of cats within

five hours after coronary artery occlusion. Following one

hour of various degrees of hemorrhagic shock in the rabbit,

36

Courtice et al~ found significant increases in the plasma




activities of cathepsin D, ribonuclease and beta-glucuronidase.
In the present study, elevations in plasma cathepsin D levels
were found to occur very early in the course of hemorrhagic
shock, All animals in everv group demonstrated small increases
in activity within 15 minutes after the induction of shock,
Following 30 minutes of hemorrhagic shock, plasma cathepsin D

activities were significantly elevated over preshock values,

Pwelve rabbits subjected to mild shock (MABP = 40 mm Hg) de-

monstrated an increase in plasma cathepsin D from a control
value of 1,83 + 0,49 units/mg protein to 5.91 + 1.03 units/mg
protein after 30 minutes of hypotension (p< 0.0l1), Over the
same interval, five severely shocked rabbits'(MABP = 25 mm Hg)
exhibited an increase from an initial 1.65 + 0.35 units/mg
protein to 16,73 + 2,72 units/mg protein (p< 0,001). This
very early appearance of cathepsin D in shock plasma lends
considerable support to the hypothesis that the solubilization
of lysosomal membranes occurs early in the course of shock.
Since cathepsin D is known to have a distribution limited to
lysosomes, it is not unreasonable to assume that the early
appearance of cathepsin D in the circulation during hemorrha-
gic shock must reflect equally early changes in the integrity
of lysosomal membranes.

| Some investigators have attributed a direct vascu-
lotoxic action to lysosomal cathepsins, but adequate evidence
for this effect is lacking. Following the discovery of Cohn

63

and Hirsch - that the cytoplasmic granules of rabbit peritoneal

exudate polymorphonuclear leukocytes are lysosomal in nature,
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direct tests of the capacity of these granules to produce
vasculotoxic and inflammatory effects have been undertaken,

21 succeeded in producing Swartzman-like lesions in

Thomas
rabbit skin using these rabbit peritoneal exudate leukocyte
lysosomes and suggested that this effect resulted from the
action of lysosomal cathepsins. The intradermal injection

of these preparations into rabbit skin was followed by the
intravenous administration of E-coli endotoxin. This resulted
in extensive cutaneous lesions of hemorrhagic necrosis which
were indistinguishable from the usual Swartzman reaction pro-
duced by preparing sKin with endotoxin., Thomas® observations

were confirmed by Halpern64

who further demonstrated that
protease inhibitors block the Swartzman-like lesions produced
by polymorphonuclear leukocyte lysosomes, thus suggesting the
importance of lysosomal pro;eases in the reaction. Burke et

al43

described a vascular permeability factor which was re-
leased from lysed polymorphonuclear lysosomes. The action of
this factor was found to be completely blocked by the pro-
tease inhibitor trasylol.

Further studies have confirmed the vasculotoxic-
inflammatory effects of lysosomal constituents but have failed
to implicate the cathepsins as primary agents. Janoff et alzz
observed the actions of rabbit polymorphonuclear lysosomes,
lysed vy freezing-thawing, on rat and rabbit mesentery. The
topical application of this preparation produced capillary

permeability with petechial hemorrhages, stasis of blood flow

and immigration of leukocytes in the mesenteric microcirculation.
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These lysosomal materials were also studied following their
separation into three fractions by precipitation in 20, 45,
and 80 per cent ethanol. The 20 per cent ethanol precipitated
fraction was found to produce all of the aforementioned in-
jury reactions whereas the other fractions were inactive. Of
significance is the fact that the active 20 per cent fraction
contained no catheptic activity, which was found to be iso-
lated in the 45 and 80 per cent fractions,

| In the present study, the topical application of pu-
rified catheﬁsin D on rabbit mesentery failed to produce any
significant vasculotoxic or inflammatory effects, thus confirm-
ing the observations of Janoff, However, a small but signifi-
cant increase in vascular permeability, following the intra-
dermal injection of purified cathepsin D into rabbit skin, was
demonstrated using the Evans blue dye technique., Cathepsin D
produced greater diameters of tissue bluing than either bac-
teriostatic saline or control solution, but also demonstrateq
a significantly smaller effect than histamine phosphate.
These observations are of particular interest when compared to
those of Golub and Spitznagel.?3 Using the Evans blue dye
method, these investigators measured the ability of 1ysed poly-
morphonuclear lysosomes and 20, 45, and 80 per cent ethanol
precipitated lysosomal fractions to produce increases in vas-
cular permeability. Catheptic activity was found to be located
primarily in the 45 per cent fraction, with lesser activities
in the 80 per cent and no activity in the 20 per cent ethanol

precipitated fractions. The intact lysosomes and 20 per cent




45

fractions gave large tissue bluing diameters in rabbit skin

' <:) of 14 mm and 11 mm respectively, vhich compared with the

10.6 + 1,6 mm diameters caused by histamine in the present }
| study. The 45 and 80 per cent ethanol precipitated fractions i
demonstrated respective diameters of 3 mm and 2 mm, vhich

were similar to the 3,0 + 0,7 mm diameters produced by puri- 5

] N
'i fied cathepsin D. It would therefore appear that cathepsin D
\ has very little direct vasculotoxic activity as compared to

other lysosomal constituents,
The present study adequately demonstrates that the
administration of high activities of exogenous cathepsin D ;
! in experimental animals does not cause the cardiovascular
E disturbances seen in shock states or modify £he course of
experimental hemorrhagic shock. The enzyme or products of
its action do not have direct vasculotoxic or vasoactive
effects vhich were apparent in the various experimental models
employed in these studies, The liberation of cathepsin D into 1
shock plasma therefore appears to be a phenomenon which does |
; not constitute a critical event in the progression of hemo-
rrhagic shock. , _
Probably the most likely explanation for the failure
of cathepsin D to effect significant alterations following its
introduction into the circulation is its dependence on pH.
Cathepsin D has a distinctly acid pH optimum and at normal
blood pH the enzyme is relatively inactive, Even during se-
vere hemorrhagic shock, blood pH rarely falls into the range

(:) of cathepsin D activity. For example, in the severe hemorrhagic
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shock model employed in the present study, arterial pH de-
creased to an average 7.2. At this pH level, cathepsin D
would at best express only a few per cent of its maximum ac-
tivity, However, as a result of its efficient buffer system,
blood pH does not accurately reflect changes in pH at the
cellular level during hermorrhagic shock., Lemieux et a165
found that the surface pH of skeletal muscle averaged 6,84
as compared to a mean blood pH of 7.35 in dogs subjected to
six hours of graded hemorrhage to a shed blood volume of S0
per cent, lMoreover, Silver, using intracellular micro pH
electrodes, has shown that the liver cell pH declines from
its normal mean value of 7.1 to 5.9 after gix hours of
severe (MABP = 30 mm Hg) hemorrhagic shock in the dog. These
intercellular and intracellular pH levels approach the pH
optimum of cathepsin D (as well as most other hydrolytic 1ly-
sosomal enzymes), which is approximately 3.5 to 5,0, There-
fore, following its release from lysosomes, cathepsin D in
these environments might play a role in injury reactions and
thus contribute to the propagation of pathophysiologic al-
terations in hemorrhagic shock.

There is presently no direct experimental evidence
vhich demonstrates injurious actions of cathepsin D at the
cellular level during shock. However, lysosomal constituents
in general have been found capable of such effects, Concen-
trated lysosomal enzyme preparations have been shown to hy-

drolyse mitochondrial and microsomal membranes in vitro,
67,68,69

causing increased membrane permeability.

One enzyme,
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phospholipase C, has been found to have this action by Hydro-
lysis of membrane phospholipids with the release of fatty
acids. Mellors'© has postulated that these released fatty
acids cause further membrane destabilization by changing the
surface-active properties of organelle membranes. Lysed
vhole lysosomal extracts have also been shown te inhibit

66 demon-

mitochondrial energy-linked reactions. Mela et al
strated in vitro inhibition of both ATPase activity and
energy-linked ion transport as well as decreased respiratory
control ratios in normal mitochondrial suspensions following
the addition of lysosomal enzyme extracts. Moreover, at pH
6.5 these extracts significantly inhibited mitochondrial
respirations as reflected by a nearly complete inhibition of
stage 3 respiratory activity (measured as mitochondrial 02
consumption in the presence of excess ADP and inorganic phos-
phate). These changes were further noted to reproduce pre-
cisely the mitochondrial defects induced in the liver by in
vivo endotoxemic shock,

Cathepsin D is a potent acid protease capable of

significant destructive effects in the intracellular environ-

ment that may be produced in circulatory shock. Following its

release from lysosomes, and in adequate concentrations, ca-
thepsin D could contribute to injurious reactions at the cel-
lular level through digestion of intracellular membranes and
enzymes and by modifications in cell walls and peripheries,
Further investigations are necessary to elucidate the rela-
tionship of cathepsin D to cellular events occurring in the

course of hemorrhagic shock,
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V CONCLUSIONS

1. The method of =arrett for the isolation of
cathepsin D from rabbit liver is reproducible and gives quan-
tities of purified enzyme which are sufficient for physiologic
study.

2. The plasma clearance of cathepsin D, following
its infusion into normal rabbits, is both yniphasic and expo-
nential with a half-life of approximately 90 minutes.

3. The appearance of cathepsin D in the circulation
of experimental animals subjected to hemorrhagic shock is pre-
dictable and reflects both the duration and severity of shock.

4, Significant increases in plasma cathepsin D ac-
tivity occur early in the course of experimental hemorrhagic
shock., This suggests that disruption of normal lysosomal
membrane function is an early event in the progression of
circulatory shock.

5. The administration of high activities of exo-
genous cathepsin D in experimental animals does not cause the
cardiovascular disturbances seen in circulatory shock or modify
the course of experimental hemorrhagic shock. Furthermore,
cathepsin D does not have direct cardiodepressant actions as
assessed by the isolated rabbit myocardial assay and does not
exhibit significant vasculotoxic or inflammatory effects.
These findings suggest that cathepsin D does not cause adverse
reactions following its introduction into the systemic circu-

l1ation during hemorrhagic shock.
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6. Cathepsin D is probably rendered inactive at
the pY of blood normally éeen in shock states.

7. It is rostulated that cathepsin D may be damag-
ing to intercellular and intracellular components as a result
of the lowered pH found in these environments during circu-

latory shock.
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shock, infusion of a purified cathepsin D extract
or control solution and reinfusion of shed blood,
Each point represents the mean value of 12 rabbits
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Brackets indicate standard errors of the mean (SEM).
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Physical appearance of cathepsin D extract

at successive stages of purification:

(A) Homogenate; (B) Homogenate after addition

of calcium chloride dihydrate; (C) Incubated
supernatant; (D) Supernatant following acetone
fractionation and centrifugation; (E) Redispersed
precipitate after second acetone fractionation
and filtration; (F) Dialized and filtered extract;
(G) DEAE cellulose column extract; (H) Final
preparation after CM column chromatography.
Infusates used in previous studies had a physical
appearance between stages B and C.
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TABLE 2
BIOCHEMICAL ANALYSIS OF FINAL PURIFIED CATHEPSIN D
AND CONTROL SOLUTIONS
Cathepsin D Control
Preparation Solution

Cathepsin D 121.8 + 22,9 units/mg 0+0

beta-glucuronidase 0+0 +£0

Acid phosphatase 0+0 +

Alkaline Phosphatase 5.5 + 3.3 miu/ml ) 1.0 + 0.6
i lLactic Dehydrogenase 6.2 + 6,2 miu/ml 3.3 + 0.9

Glutamic Oxaloacetic 4.2 + 2,1 miu/ml 7.0 + 2.0

Acid Transaminase
| Gamma Glutamyl 0.7 # 0.3 miuw/ml 0.0 + 0.0
Transpeptidase

Sodium 192.1 + 8.3 meg/L 195.7 + 4.2
ﬁ Potassiun 040 040
Chloride 0+0 0+0
X Calcium 0.6 + 0.3 mg% . 0.4 + 0.1
! Glucose 5.5 + 2.2 mg% 2.0 +£ 1.0
Hj Uric Acid 0.3 + 0.2 mg% 0.7 + 0.3
‘f Cholesterol 13,0 + 1.4 mg% 7.3 & 3.2
:‘ Triglycerides ) 0+0 0+0
‘ Total Bilirubin 0.02 + 0,02 mg% 0,03 + 0,03

Results are based on eight purification procedures,
O All values are means + SEM,

IR N R
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TABLE 4

PHYSIOLOGIC RESPONSES OF RABBITS SUBJECTED TO MILD HEMORRHAGIC
SHOCK PRIOR TO A SINGLE INFUSION OF A PURIFIED CATHEPSIN D EXTRACT

INTERVAL MABP HEART BEAT __ TEMPERATURE H
(min) (mmHg) (beats/min) (°C) P

ot 12 84.4:3.8 212+ 8 37.1:0.3  7.47 £0.03

- 12 88.9+1.8 243 £ 16 37.9£0.2  7.44 £0.02
15 12 40.6 0.8 201+ 9 37.8 0.3
12 38.6 0.8 218 £ 15 38.0 £0.2
30 12 40.00.5 206 % 11 37.7 £0.3
12 38.6 £0.8 224 £ 10 38.0 £0.2
45 12 39.7:0.7 229 12 37.7 £0.4
.12 38.9:0.7 243+ 9 38.0 £0.2

60 12 39.9:0.4 245+ 9 37.6+0.4  7.36£0.03

12 39.0+0.5 73+ 5 37.8+0.2  7.32+0.04
75°* 12 44.1%1.6 255 £ 10 37.4 0.5
| 12 43.1:3.0 278+ 9 37.6 £0.3
~ 9 12 42.7:1.2 255 £ 10 37.3 £0.5
12 43.6:2.9 283+ 8 37.6 0.3
105 N 38.0%1.9 2543 9 37.2£0.5
12 40.1:2.7 273 £ 12 37.6 £0.4

120 N 35.7:1.3 253 £ 11 37.5+£0.6  7.42%0.02

j 12 37.3£2.1 275 + 14 37.6+0.4  7.37£0.07
; 135 ** N1 85.2:3.7 228 £ 16 37.8 £0.7
’ 12 85.1:8.6 254 £ 14 37.320.4
j 150 10 79.3:3.3 229 + 14 36.7 £0.6
- ; . 12 84.0%6.5 258 + 12 37.320.4
165 10 74.2:2.3 234 £ 14 36.7 £0.6
12 79.6+5.3 270 +13 37.4 £0.5

180 10  71.0+2.9 237 £ 11 36.9£0.6  7.45%0.02

12 74.7 4.6 267 £ 10 37.3£0.5  7.430.06

Note: Results in rabbits infused with Cathepsin D ore listed cbove results in control rabbits.
All values are means + SEM.

+ Prior to Bleeding. * P infusion of Cathepsin D or Control Sclution.
++ Hemorrhagic Shock. *+ P reinfusion of Shed Blood.
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TABLE 5

PHYSIOLOGIC RESPONSES OF RABBITS SUBJECTED TO SEVERE HEMORRHAGIC
SHOCK PRIOR TO A SINGLE INFUSION OF A PURIFIED CATHEPSIN D EXTRACT

INTERVAL MABP HEART BEAT TEMPERATURE

(min) - N (mmHg) {beats/min) ( °C) PH
0" 15  84.1:1.9 26 £7 38.20.1  7.48 £0.01
-+ 15 85.3+3.2 250 £ 8 38.2 0.1 7.50 £0.01
15 15 25.9+0.4 207 7 38.3 £0.1
15 25.1 £0.2 2197 38.2 £ 0.1
30 15 25.7 £0.3 226 £ 9 38.2 0.1
15 25.5+0,2 248 =8 38.1 0.1
45 15 25.5+0.5 252 £7 38.1 £0.1
15 25.1 £0.1 257 +7 38.0 £ 0.1
60 15 25.4 £0.3 254 £7 37.9 £0.1 7.20 £0.03
15 25.1 0.2 258 +8 37.8 0.1 7.23 £0.03
75"* 15 38.1 1,2 263 +8 37.6 £0.2
f 15 35.3+£2,3 262 7 37.4 £0.1
i 90 14 37.1 1.4 269 £ 9 37.5%0.2
. 15 32.2+2.4 261 8 37.4 £ 0.1
105 14 32.41.,9 268 £ 9 37.5+0.2
15 30.6 +2.4 250 =8 37.3 0.1
120 14 27.9 1.6 254 + 10 37.5+£0.2 7.21 £0.03
14 28.9+2.3 249 £ 9 37.2 £0.1 7.23£0.05
135 ** 13 80.0 £5.6 257 £ 8 3.9 £0.2
13 81.0 £4.5 2387 36.6 £0.2
150 12 72.0 £7.8 248 £+ 8 3.9 £0.2
13 72.3 £4.9 241 7 36.7 0.2
165 n 66.1 £7.0 244 + 6 37.0 £0.2
13 59.5 4,7 244 £7 36.8 £0.2
180 9 71471 255 6 37.0 £+0.2 7.41 £0.05
13 63.5 +4.7 243 +8 36.8 £0.2 7.38 £0,04
Note: Results in robbits infused with Cathepsin D are listed above results in control rabbits.
All values ore means + SEM.
+ Prior to Bleeding. * P infusion of Cathepsin D or Control Solution.
++ Hemorrhagic Shock. ** P reinfusion of Shed Blood.




*g ujsdayzed 3O Hunic aNssI3

JO a9j3WeIp uedW Y3 O3 suosTaedwod aie santea £31179R003d »

KIS + sueau aae santea 1TV

100* d b 9°T + 9°0% sjeydsotd sutwe3lstH
too* d ++ Z°0F €°0 auyTes oyaeisotraaoed
zo* ds ++ p°0 + 6°0 uoTINTOS TOAUOD
—— ++ L0 ¥ 0°FE g ursdayjed pat3iand
1eA91 (#+++ 03 0) (uaw)
20uedTITUBTS puinid 30 anss1l enld
A3ysuajul Jo xojeweld

NI¥S LIqaevy 30

ALTTIGVINYAEd ¥VINOSVA NO 4 NISEZHIND QIIJIUnd 30 SL0dd3d

g9 TI8VL




"ETRATOIUY SHTonodseaIod TR IR 2URDTZTULTSNT
aJe UOTINTOS TOIJUOD pul ¢ UFsdayluwd uveaalaq 2Dueyd auav xad ur seduULzI;IC

‘paepuels Iazynq ITIIOSUIH-8SGIIY R pue ardwes
SY3 UdaMIaq UOTFUI] ITISNW P2dOTIA3P UT ADUBIBIFITIP OY3 SIussaxdaa abueyd Juad hymu

WAS © suvaw 23w SaNTeA nucn

do/83Tun p QTIT (D3/83TUn g ‘GIT 10D0/83Tun Qb ‘TeWIXe}] 1SUOTIRIJUSOUCD d UuTsdaylIeds : 1
0°z + J°zr - gL ¥+ L°CT - v i
G'G ¥ 0°T - p'g ¥ L°TT - €
z°6 ¥ £°9g + L'b ¥ L'y ¢+ z
. S°0T ¥+ E°9OT + 6°T + €£°0T + T ottt
G°t ¥ G'c - G°9 ¥ G°ET = 2
0°IT *+ L0 - 0°0T ¥ o°0l - £ .
9°IT ¥ 0°6T ¢ 8°6 ¥ E°pT + z
0°bT + 0°9b + T°6T + 0°Lb + 1 617 _
€°LZ ¥ £'6 ¢+ S'6T ¥ £°8 ~ v
i 2°LE ¥ 0'6b + T°LE ¥ 0°29 * €
1 v°8E + p°es + T°bE + 9°19 ~ T {paInT TR}
S°pE ¥ Z°T2T+ 0°9t ¥ 9°0E1+ T TRWTXRRN
uoTINTOS [OIIUCD a uysdoyjzed a3V .
Ja33v uojsudl, padoraaaq uoysual, padorasaq (utuw) H
uy ebueld juad uumu uy abueyp uad uomu TeAzajul UOTIVIJUDIUOD A

SITOSNN TVIQUVOOAH LIfIAVH QILVIOSI NI
G NISJEHIVO dIIJINNd 20 ALIAIIOV JIJOUJONI

L TIEVL M




P ———

VIII BIBLIOGRAPHY




70

BIBLIOGRAPHY

de Duve, C,, Pressman, 8,C., Gianetto, R,, Wattiaux, R,,
Appelmans, F,: Tissue Fractionation Studies VI: Intra-
cellular Distribution Patterns of Enzymes in Rat Liver
Tissue, Biochem, J., 60:604, 1955,

Ericsson, J.L.E.: Transport and Digestion of Hemoglobin
in the Proximal ‘Tubule II: Electron Microscopy.
lLab, Invest,, 14:16, 1965,

Daems, W.T., Wisse, Z., Brederoo, P.: Electron Micro-
scopy of the Vacuolar System., 1In: Lysosomes, i labora-
tory Handbook; Dingle, J.T., editor., Amsterdam,

North Holland Co.,, and New York, American Elsevier Co,,
1972, p. 153.

de Duve, C.: Lysosomes, A New Group of choplasmic
Particles. In: Subcellular Particles; UHayashi, Y.,
editor, New York, Ronald Press Co,, 1959, p. 158,

Cohn, Z.A., Fedorko, M.E,: The Formation and Fate of
Lysosomes, In: Lysosomes, vol. I3 Dingle, J.T., and
Fell, H.,B., editors. Amsterdam, North Holland Co.,
1967, p. 44.

Novikoff, A.B.: Enzyme Ultrastructure and Localization
in Neurons. 1In: The Neuron:; Hayden, H,, editor.
New York, American Elsevier Co., 1967, p. 255,

Lazarus, G.S., Hatcher, V.B,, lLevine, N.: Lysosomes and
the Skin., J, Invest, Derm,, 65:259, 1975,

Barrett, A.J.: Lysosomal Enzymes, In: [Lysosomes, A
Jaboratory Handbooks: Dingle, J.T., editor. Amsterdam,
North Holland Co., and New York, American Elsevier Co.,
1972, p. 46,




9.

10,

11.

12,

13,

14,

15.

16.

17,

18,

71

de Duve, C., Beaufay, H,: Tissue Fractionation Studies
X: Influence of Ischenia on the State of Some Eound
Enzymes in Rat Liver. Biochem. J., 73:610, 1959,

de Duve, C., Wattiaux, R., Baudhuin, P.: Distribution
of Enzymes bhetween Subcellular Fractions in Animal
Tissues., Advan. Enzyvmol,, 24:291, 1962,

Bowers, .E., de Duve, C,: Lysosomes in Lymphoid Tissue
II: Intracellular Distribution of Acid Hydrolases.
J, Cell Biol., 32:339, 1967.

Schwabe, C., Kalmitsky, M.: A Peptide Hydrolase From
Mammalian Fibroblasts, Biochem., 5:158, 1965,

Marks, N,, lLattha, A,: Separation of Acid and Neutral
Proteinases of Brain, Biochem. J., 97:74, 1965.

Smith, G.D., Murray, M.A.,, Nichols, L.W., Trikojus, V.M.:
Thuroid Acid Proteinase: Properties and Inactivation

by Diazoacetyl-Norleucine Methyl Ester. Biochin,

Biophys. Acta, 171:288, 1969,

white, A., Yandler, P,, Smith, E.L.: Enzymes I. In:
Principles of Biochemistry (4th edition); New York,
McGraw-Hill, 1968, p. 219.

Goettlich-Rieman, W., Young, J.O., Tappel, A.L.:
Cathepsins D, A and B, and the Effect of pH in the Path-
way of Protein Hydrolysis., Biochim. Biophys. Acta,
243:137, 1971,

Press, E.M., Porter, R.R., Cebra, J.: The Isolation and
Properties of a Proteolytic Ensyme, Cathepsin D, From
Bovine Spleen., Biochem. J,, 74:501, 1960,

Woessner, J.F,: Cathepsin D, Enzymatic Properties and
Role in Connective Tissue Breakdown. In: Tissue Pro-
ge;nases; Barrett, A.J., and Dingle, J.T., editors.
Amsterdam, North Holland Co., 1971, p. 291,




[

- -

———— - —— o R ———

S B e

e o ——— i g 4 s

19,

20,

21,

22,

23,

24,

2s5.

26,

27,

28,

Barrett, A.J.: Cathepsin D, Purification of Isoenzymes
From Human and Chicken Liver. Biochem, J., 117:601, 1970,

Weissmann, G.: Labilization and Stabilization of Lyso-
somes. Fred, Proc,, 23:1038, 1964,

Thomas, L.: Possible Role of lLeukocyte Granules in the
Swartzman and Arthus Reactions., Proc. Soc. Exp. Biol.
L{Q‘E—L’ 1153235. 1964,

Janoff, A., Zweifach, B.W.: Production of Inflammatory
Changes in the Microcirculation by Cationic Proteins
Extracted from Lysosomes. J., Zxp., Med., 120:747, 1964,

Golub, E.S., Spitznagel, J.K.: The Role of Lysosomes in
Hypersensitivity Reactions: Tissue Damage by Polymor-
phonuclear Neutrophil Lysosomes., J, Immunol., 95:1060,
1966.

Sutherland, N.G., Bounous, G., Gurd, F.N.: Role of In-
testinal Mucosal Lysosomal Enzymes in the Pathogenesis
of Shock. J, Trauma,, 8:350, 1968,

Dingle, J.T., Barrett, A.J., Weston, P.D.: Cathepsin D,
Characteristics of Immunoinhibition and the Confirmation
of a Role in Cartilage Breakdown. Biochem. J., 123:1, 1971.

Poste, G.: Sub-lethal Autolysis, Modification of cCell
Periphery by Lysosomal Enzymes., Exp. Cell Res., 67:11,
1971,

Appelmans, F.,, de Duve, C.s Tissue Fractionation Studies
I1Is Further Observations on the Binding of Acid Phos-
phatase by Rat Liver Particles. Biochem. J,, 59:426, 1955,

Ferguson, W.Ww., Glenn, T.M., Lefer, A.M,: Mechanism of
Production of Circulatory Shock Factors in Isolated Per-
fused Pancreas, Am, J, Physiol,, 222:450, 1972,




29,

30.

31.

32,

33.

34.

3s.

36.

37.

38,

73

Janoff, A., Weissman, G,, Zweifach, B.W., Thomas, L.:
Pathogenesis of Experimental Shock IV: Studies on
lysosomes in Normal and Tolerant Animals Subjected to
Lethal Trauma and Endotoxemia. J. EXp. Med., 116:451,
1962,

Goldstein, I.M.: Lysosomes and Their Relation to the
Cell in Shock. Presented at the Upjohn Company Symposium,
The Cell in Shock. April, 1974,

Bitensky, L., Chayen, J., Cunningham, G,J.: Eshavior of
Lysosomes in Hemorrhagic Shock. Nature, 199:493, 1963,

Beman. I.R.’ MOSeleY, R.V.’ Lamborn. P.B.. StEEIman, H.K.:
Thoracic Du~t Lymph in Shock. Ann, Surg., 169:202, 1969,

Fredlund, P,E., Ockerman, P,A., Vang, J.0.: Plasma Ac-
tivities of Acid Hydrolases in Experimental Oligemic
Shock in the Pig. Amer. J. Surqg., 124:300, 1972,

Smith, J.J., Loegering, D.J., McDermott, D.J., Bonin, M,Ls:
The Role of Lysosomal Hydrolases in the Mechanism of
sShock, Adv, Exp. Med, Biol,, 33:535, 1972,

Reich, T., Dierolf, B.M., Reynolds, B.M.: Plasma
Cathepsin-Like Acid Proteinase Activity During Hemorrha-
gic Shock, J. Surg, Res., 5:116, 1965,

Courtice, F.C., Adams, E.P., Shénnon. A.D,, Bishop, D.M.:
Acid Hydrolases in the Rabbit in Hemorrhagic Shock,

Quart, J, Exp., Physiol., 59:31, 1974,

Alho, A.V., Motsay, G.J., Lillehei, R.C.: Lysosomal En-
zymes in Endotoxin Shock, J,A.M,A,, 212:869, 1970,

Warren, H.S., Ferguson, W.W., Wangensteen, S.L.: Lyso-
somal Enzyme Release in Canine Endotoxin Shock Treated
with Methylprednisolone. Aper., Surg., 39:608, 1973,

Db shas e aiines :m__——-—.‘

ot Dok,




39.

40.

41,

42,

43.

44,

45,

46,

74

Beard, E.L., Hampton, J.R,: Effect of Trauma on Rat
Serum Proteolytic Activity. Aper, J. Physiol,, 204:
405, 1963,

Glenn, T.M., lefer, A,M.: Role of Lysosomes in the
Pathogenesis of Splanchnic Ischemia Shock in Cats.
circ, Res., 27:783, 1970,

Gazzaniga, A.B,, O‘'Connor, N.E.: Effects of Intravenous
Infusion of Autologous Kidney Lysosomal Enzymes in the

Glenn, T.M., Lefer, A,M., 3Beardsley, A.C., Ferguson, W.W.,
lopez-Rasi, A.M., Serate, T.S., Morris, J.R., Wangensteen,
S.L.: Circulatory Responses to Splanchnic lysosomal Hy-
drolases in the Dog. Ann, Surg., 176:120, 1972,

Burke, J.S., Movat, H.Z., Uriuhara, T., Macmorine, D,L.:
A Permeability Factor Released from Leukocytes After
Phagocytosis of Immune Complexes and its Possible Role
in the Arthus Reaction, Ljfe Sci,, 3:1025, 1964,

Back, N., Wilkens, H4,, Steger, R.: Proteinases and
Proteinase Inhibitors in Experimental Shock States.
Ann, N.Y. Acad, Sci., 146:491, 1968,

Bertelli, A.,, Donati, L.: In: Shock: Biochemical,

Pharmacological and Clinical Aspects; Bertelli, A., and
Back, N., editors., New York, Plenum Corp., 1970, p. 215.

Glenn, T.M., Herlihy, B,L., lLefer, A.M.: Protective
Action of a Protease Inhibitor in Hemorrhagic Shock.

Arch, Int, Pharmacodyn,, 203:292, 1973,

smith' JIA.R. f Noman' J.N. f Smith’ G. H Stemid and
Protease Inhibition in Refractory Shock. Br, J. Sura,,
621164, 1975, ‘

-




P

48,

49,

50.

51,

52.

53.

55.

75

Jones, R.C.W., Wangensteen, S.L.: Protective Influence
of cathepsin D Antiserum in Hemorrhagic Shock. Surqg.
Forum, 26:29, 1975,

Kerr, J.F.R.t A Histochemical Study of Hypertrophy and
Ischemic Injury of Rat Liver with Special Reference to
Changes in lLysosomes, J, Path. 3act,.,, 90:419, 1965,

Barrett, A.J.: Lysosomal Acid Proteinase of Rabbit
Ltiver, Biochem. J., 104:601, 1967,

- Barrett, A.J.: Purification and Properties of Cathepsin

D from Liver of Chicken, Rabbit and Man, In: Tissue
Proteinases; Barrett, A.J., and Dingle, J.T., editors,
Amsterdam, North Holland Co., 1971, p. 109,

Anson, M.L.: The Estimation of Cathepsin with Hemoglobin
and the Partial Purification of Cathepsin. J. Gen.
Physiol., 20:565, 1936,

lowry, O0.H., Rosebrough, N.T., Farr, L.A., Randall, R.J.:
Protein Measurement with the Folin Phenol Reagent,
J, Biol, Chem., 193:265, 1951.

Zweifach, B.W., Metz, D.,B,: Rat Mesoappendix Procedure
for Bioassay of Humoral Substances Acting on Peripheral
Blood Vessels. Ergebn. Anat. u. Entwckingsgesch,,
353175, 1956,

lefer, A.M.1 _Corticosteroid Antagonism of the Positive
Inotropic Effect of Ouabain, J, Pharmacol., Exp. Ther.,
151:294 'y 1966,

Beaufay, H.: Methods for the Isolation of Lysosomes.
In: Lysosomes, A Laboratory Handbook; Dingle, J.T.,
editor, Amsterdam, North Holland Co., and New York,
American Elsevier Co., 1972, p. 1.




'
!
|

L]

i A e e e o

-

57.

S8,

59,

60,

€1,

62,

63.

64.

65,

66.

76

Smith, R., Turk, V.: Cathepsin D, Rapid Isolation by
Affinity Chromatograrhy in Haemoglobin-Aganose Resin,

Eur, J, Biochem., 48:245, 1974.

Lentz, P.E., Smith, J.J.: Effect of Reticuloendothelial
Stimulatior on Plasma Acid Hydrolase Activity in Hemo-
rrhagic Shock, Proc, Soc. Exp. PBiol. led., 12411243, 19€7,

Fredlund, P.S,, Ockerman, P.A., Vang, J.0.: Disappearance
of Intravenously Infused Acid Hydrolases from the Circu-
lation in Pigs. Acta chir. Scand., 139:19, 1973,

Huggins, C.: The Prostate Secretion. Harvey lectures,
42:148, 1947,

Ricciutti, M,A,: Lysosomes and Myocardial Cellular
Injury. Amer, J. Cardiol,, 30:478, 1972,

Spath, J.A,, Reed, E.A,, lefer, A.M.: Influence of In-
creased Circulating Levels of Splanchnic Lysosomal En-
zymes on the Response to Myocardial Ischemia., Ann, Surg,,
181:813, 1975,

Cokn, Z.A., Hirsch, J.G.: The Isolation and Properties
of the Specific Cytoplasmic Granules of Rabbit Polymor-
phonuclear Leukocytes. J. Exp. Med,, 112:983, 1960,

Halpern, B.N,: Inhibition of the local Hemorrhagic
Swarztman Reaction by a Polypeptide Possessing Potent
Antiprotease Activity. Froc. Soc. Exp. Biol, Med.,
115:273, 1964,

Llemieux, M,D.,, Smith, R.N., Couch, N.P.s Surface pH and
Redox Potential of Skeletal Muscle in Graded Hemorrhage.
Surgery, 65:457, 1969,

Mela, L.M,, Miller, L.D., Nichols, G.G.: .nfluence of
Cellular Acidosis and Altered cCation Concentrations on
Shock Induced Mitochondrial Damage. Surgery, 72:102, 1972,




-.

e R nmn .} Ot W € s e e <+ trem e e SN

ol !."...,. ;.— g

67.

€8,

69.

70.

Taprel, A.L., Sawant, P,L., Shibko, S.: Lysosonmes:
pDistribution in Animals, Hydrolytic Capacity and Other
Properties, 1In: Lysosonmes; de Reuck, A.V.S., and
Cameron, M.,P,, editors, Boston, Little, Srown Co.,
1963, p. 78,

Mela, L.iM., Olofsson, K., Miller, L.D., Bacalzo, L.V.,
white, R.R.: Effect of Lysosomes and Hypoxia on Mito-
chondria in Shock. Surz, Torum, 22:19, 1971,

Mellors, A., Tappel, A,L., Sawant, P,L.: Mitochondrial
Swelling and Uncounling of Oxidative Phosphorolation by
Lysosomes, biochim. Riophvs. Acta, 143:299, 1967,

Msllors, A., Tapprel, A,L.: Hydrolysis of Phospholipids
by a Lysosomal Enzyme, J, Lipid Res., 8:479, 1967,




R

A . o e

DISTRIBUTION LIST

USAMRDC (SGRD-SI)
Fort Detrick
Frederick, MD 21701

Defense Technical Information Center (DTIC)
ATTN: DTIC~DDA

Cameron Station

Alexandria, VA 22314

Dean

School of Medicine

Uniformed Services University of the
Health Sciences

4301 Jones Bridge Road

Bethesda, MD 20014

Commandant -

Academy of Health Sciences, US Army
ATTN: AHS-COM

Fort Sam Houston, TX 78234







